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Abstract
The discovery of ways to enhance skin healing is of great importance due to the frequency and severity
of skin wounds. We discovered that 4-aminopyridine (4-AP), a potassium channel blocker, greatly
enhances skin wound healing. Bene�ts include faster wound closure, restoration of normal-appearing
skin architecture and epidermal thickness, increased vascularization and increases in K14+ keratinocytes.
Hair follicle number was increased, both histologically and by analysis of K15 and K17 expression. Levels
of vimentin (which marks �broblasts) and α-smooth muscle actin (α-SMA, which marks collagen-
producing myo�broblasts) increased, as did α-SMA+ cell numbers. 4-AP also increased numbers of axons
and S-100+ Schwann cells, and increased expression of p75-NTR and SOX10. Treatment also increased
levels of nerve growth factor, transforming growth factor-β, Substance P and PGP9.5, important
modulators of wound healing. As 4-AP is already used for treatment of multiple sclerosis and other
chronic neurological syndromes, it has strong potential for rapid translational development.

Introduction
Enhancing the healing of skin wounds is an important and challenging medical problem. Skin wounds
are problems in isolation, and also occur concurrently with almost all forms of traumatic injury.
Enhancing repair of such lesions is di�cult due to the many coordinated cellular processes that are
required for effective repair. Keratinocyte and �broblast proliferation and migration are critical in healthy
wound healing1–6, as are regenerative changes in Schwann cells (SCs) and neurons. For effective repair,
a variety of skin cells each need to differentiate along particular pathways, and need to produce
extracellular matrix and speci�c growth factors, such as transforming growth factor-β (TGF-β) and nerve
growth factor (NGF)2,7−11. Skin wound repair also requires re-vascularization and generation of new hair
follicles1,12,13. Much is known about the importance of each of these individual components of the repair
process, but there is an unmet need for the discovery of clinically relevant agents able to promote
regenerative activity of all these processes, which are required for effective skin repair.

While it is possible to identify multiple cell types and signaling molecules that are important in wound
healing, enhancing the healing process is more challenging, particularly in normal skin. As the major
protective barrier between the sterile environment inside the body and the pathogen-rich external world,
the evolutionary selective pressure to ensure e�cient healing of skin wounds has been very high. It is
therefore not surprising that this is normally an effective process.

Despite the effectiveness of the normal healing response in the skin, several approaches have been
identi�ed that improve at least some aspects of this process, thus enabling attention to be focused on
several issues relevant to identifying agents most suitable for potential translation. For example, most
traumatic injuries are associated with skin wounds, which means that therapeutic agents that can
promote healing in more than one tissue are of particular interest. In addition, there is a need for pro-
reparative approaches that are suitable for rapid and inexpensive application and for which potential
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toxicity issues and dosages are well understood. Multiple approaches are of current interest, including
pharmacological agents, trophic factors, cell transplantation and genetic manipulation3,7,14−19.

Based on studies identifying the importance of components of the peripheral nervous system in skin-
wound healing2,3,9,17, and our recent discovery that 4-aminopyridine (4-AP) enhances repair of damage to
peripheral nerves20,21, we evaluated whether this drug can also enhance repair of skin wounds. 4-AP is a
potassium channel blocker, and a potential activator of high voltage-activated calcium channels
(HVACCs)22, with a long history of clinical use for transiently improving neuromuscular function in
patients with diverse chronic neurological syndromes23,24. In contrast with the effects of 4-AP in chronic
syndromes, in which there is no evidence for alterations in tissue structure and where bene�ts disappear
in concurrence with clearance of 4-AP from the body25,26, effects in acute injuries include restoration of
normal tissue structure and durable functional improvement20,21,27−30. However, it is plausible that 4-AP
could actually worsen skin wound healing, as several studies have reported that calcium channel
blockers enhance repair of such injuries31–33, and 4-AP is predicted to increase calcium release.

We now provide evidence that 4-AP treatment of mice with acute skin wounds promotes faster wound
healing, extensive changes in wound architecture, and expression of multiple signaling molecules known
to be important in healing of such wounds. 4-AP treatment promotes healing-related changes in multiple
cell types, including keratinocytes, �broblasts, myo�broblasts, Schwann cells, neurons, and blood vessels.
As 4-AP is already approved for human use, our discoveries may enable rapid development of a new
approach to enhancing healing of skin wounds with an inexpensive pharmacological agent for which
there is extensive existing information on usage in the clinic.

Results
4-Aminopyridine (4-AP) expedites wound closure and enhances skin regeneration. The bene�cial effects
of 4-AP on healing of skin wounds were �rst noticed in studies monitoring wound closure (Fig. 1A-C). We
created 5-mm full thickness dorsal excisional wounds in 10-wk-old male C57BL/6 mice34; mice were then
randomized and treated with either saline or systemic 4-AP20,23,29,35,36 daily for 14 days. Wounds were
splinted with silicone rings to prevent wound contraction and were monitored by digital imaging for
morphometry, percentage of wound healing and tissue regeneration on days 3, 5, 7, 9, 12 and 14 post
wound (PWD).

We found that the extent of wound closure in 4-AP-treated mice was more than twice that of saline
treated mice at PWD3 (day 3: 22.35 ± 0.30% vs. 9.88 ± 0.28%; P < 0.0199). Signi�cant differences in
wound closure were found at every time point examined, including PWD14 (P-values < 0.001). At this
point, 4-AP-treated mice had complete wound closure, while saline-treated mice still showed incomplete
healing (day 14: 98.24 ± 0.10% vs. 75.28 ± 0.32%; P < 0.0001) (Fig. 1B and C).

Analysis of tissue at PWD14 revealed that 4-AP treatment also increased epidermal thickness to that of
uninjured tissue (Fig. 1D and E). Wound tissue was analyzed by morphometric analysis on hematoxylin
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and eosin (H&E) stained sections2,4,34. The newly formed epidermis in 4-AP-treated mice was slightly
thicker than uninjured tissue (29.74 ± 1.30 µm in 4AP-treated mice vs. 25.41 ± 0.12 µm in uninjured mice;
P = 0.0033) and was signi�cantly thicker than in saline-treated mice (19.38 ± 0.96 µm; P = 0.0067).

4-AP treated mice also showed a signi�cant increase in wound-induced hair neogenesis (WIHN) when
compared with saline-treated mice (Fig. 1D and F), a feature known to correlate with successful skin
regeneration. 4-AP-treated mice showed a 1.8-fold increase in hair follicles over saline-treated mice (45 ±
3 vs. 25 ± 3 follicles/400 µm2; P = 0.0067) (Fig. 1F)37,38.

4-AP increases keratinocyte number and epithelial stem-cell markers in healed wounds. We observed 2.3-
fold increases in keratin-14 positive (K14+) keratinocytes in the epidermis and in de novo hair follicles of
4-AP treated mice (Fig. 2A) compared with saline-treated mice (cells: 16.65 ± 0.97% cells/mm2 vs. 7.23 ±
0.73% cells/mm2; P < 0.0001) and (protein: 186666667 ± 25271955 integrated density/mm2 vs.
70298114 ± 10356742 integrated density/mm2, P = 0.0063) (Fig. 2B and C). In contrast, expression of
K10, a marker of epidermal differentiation, was not impacted by 4-AP treatment at this time point
(Supplementary Fig. S1A and B).

In agreement with the increase in hair follicles seen with H&E staining (Fig. 1D and F), we also saw
increases in K17+ and K15+ cells and protein expression, which are markers of hair follicles. We saw a
1.5-fold increase in the percentage of K17+ cells as a percentage of total DAPI+ cells (cells: 33.95 ± 2.80%
cells/mm2 vs. 22.94 ± 1.49% cells/mm2; P = 0.0014), and in K17 protein (protein: 132329400 ± 12238815
integrated density/mm2 vs. 50989532 ± 3610166 integrated density/mm2, P < 0.0001) (Fig. 2D, E and F).
Similarly, there were >115% increases in K15+ cells (cells: 16.05 ± 1.38% cells/mm2 vs. 7.44 ± 0.75%
cells/mm2, P < 0.0001), a marker of hair follicle bulge stem cells37–39. There were also increases in K15
protein (protein: 71374407 ± 5506935 integrated density/mm2 vs. 23022240 ± 2208956 integrated
density/mm2; P < 0.0001) (Fig. 2G, H and I).

K14 and K17 expression also increased in the overlying epidermis in both saline and 4-AP-treated mice,
which is consistent with their known expression following wounding (Fig. 2A and D)39.

4-AP treatment promotes increases in �broblasts, myo�broblasts and transforming growth factor-β (TGF-
β). Fibroblast migration and maturation contribute to contraction, granulation, and proliferation phases of
wound healing. We therefore next examined effects of 4-AP treatment on �broblasts and on a known
regulator of �broblast differentiation, TGF-β.

To test whether 4-AP treatment altered �broblast maturation during wound healing, we �rst performed
Masson’s Trichrome staining to examine collagen deposition in the healing wound (Fig. 3). This staining
revealed elevated collagen deposition in 4-AP treated mice compared to saline treated mice (P = 0.0025;
Fig. 3A and B), with collagen levels like those seen in normal tissue. This staining also revealed a tissue
structure and collagen deposition pattern very much like that seen in normal tissue.
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4-AP treatment also increased the expression of �broblast proteins, vimentin and α-smooth muscle actin
(α-SMA). Immuno�uorescence analysis revealed more vimentin+ �broblasts and elevated vimentin levels
in wound tissue from 4-AP treated mice than saline treated mice (Fig. 3C and D). We also observed
increases in α-SMA, which signi�es �broblast differentiation into collagen-producing myo�broblasts2–4.
Increases were seen in the number of α-SMA+ cells and in α-SMA protein (P = 0.0063; Fig. 3C and E).

TGF-β plays an important role in promoting myo�broblast differentiation2–4, and we found signi�cant
increases in TGF-β protein expression with 4-AP treatment compared to saline treatment (P = 0.0001;
Fig. 3F and G).

4-AP promotes reinnervation and neuropeptide expression. Normal skin wound healing is also associated
with increases in cell division and increases in non-dividing neurons. 4-AP treatment caused increases in
both of these measures.

Expression of the proliferation marker, Ki-67, was signi�cantly increased in mice treated with 4-AP
compared with saline treated controls. The proportion of Ki-67+ cells within hair follicles and epidermis
was increased 2.8 fold (cells: 21.87 ± 2.763 cells/mm2 vs. 7.754 ± 1.664% cells/mm2; P = 0.0001)
(Fig. 4A and B).

The number of neurons in the skin of 4-AP-treated mice also was increased over that seen in saline-
treated animals. Neuronal number was determined by staining with antibodies against high molecular
weight neuro�lament protein (NF-H)2,8,24,40. NF-H axonal counts were increased 2.5 fold (cells: 194 ±
50.51 count/mm2 vs. 74.19 ± 15.85 count/mm2; P = 0.007) in 4-AP treated mice compared with saline
treated controls (Fig. 4A and C).

We also found that NF-H stained axons in the 4-AP treated mice were more often encountered in direct
association with Ki-67+ hair follicles (Fig. 4A) than in saline treated controls – an important qualitative
�nding given that hair follicles are known to be associated with sympathetically innervated arrector pili
muscles39.

Another example of the ability of 4-AP to restore aspects of skin structure like that seen in uninjured
tissue was revealed by staining for protein gene product 9.5 (PGP9.5), a neuronal peptide that promotes
wound healing13,41,42. Fourteen days post wounding, PGP9.5+ nerve �bres in the healed wounds were
twice as abundant in 4-AP treated mice, as re�ected by increased amounts of PGP 9.5 (protein: 4096938
± 713297 integrated density/mm2), compared with saline treated mice (protein: 2107970 ± 325039
integrated density/mm2) (P = 0.0012; Fig. 4D and E). The levels of PGP 9.5 in 4-AP-treated mice were not
signi�cantly different from seen in uninjured tissue (Supplementary Fig. S1C and D).

4-AP increases numbers of Schwann cells (SC) and expression of markers of an early differentiation
state. Schwann cells (SC) are critical players in wound healing and are associated with axons around
hair-follicles in the wound bed. We found that the number of SCs was signi�cantly increased in the
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wounds of 4-AP-treated mice. Analysis of expression of S100, a pan-SC marker2,28, identi�ed SCs within
both the hypodermis and dermis of the healed wounds (Fig. 5A).

The number of SCs was 3-fold greater in 4-AP treated mice than in saline treated controls (cells: 6.483 ±
1.163% cells/mm2 vs. 2.242 ± 0.3159% cells/mm2; P = 0.0007) (Fig. 5A-B). SCs were preferentially
located around nerve bundles, as predicted by the known a�liation of SCs with nerve cells. 4-AP
treatment also increased the expression of p75-NTR (Fig. 5A, C-F), which is thought to be expressed in SC-
100+ cells as a marker of de-differentiation2,43,44.

We also found elevated expression of SOX10, substance-P, and NGF in 4-AP treated mice. SOX10 is
required for myelin production in SCs45 and elevated SOX10 expression promotes conversion of
mesenchymal cells into p75-NTR expressing neural crest stem cells (NCSC)45,46. Conversely, depletion of
SOX10 expression signi�cantly delays wound healing and tissue regeneration2. NGF plays a signi�cant
role in the wound healing process9,40,43,44,46−48 by inducing nerve sprouting from injured nerve endings.
NGF also promotes keratinocyte proliferation49, and migration of dermal �broblasts7. NGF also acts on
non-neuronal cells to sensitize them to substance-P, which in turn further stimulates more NGF
secretion48,50 ensuring that keratinocytes, for example, can elaborate and respond to neuronal factors
along with neurons.

We found signi�cantly increased SOX10 in both immuno�uorescence and western blot analysis
(immuno�uorescence: 3726901 ± 151884 vs. 3125946 ± 62780 integrated density/mm2; P = 0.0018 and
western blot analysis: 6312394 ± 114415 vs. 3780312 ± 437118 normalized integrated density; P =
0.0304) (Fig. 6A, B, E and F), substance-P (immuno�uorescence: 3916297 ± 247329 vs. 3120195 ±
107296 integrated density/mm2; P = 0.0063) (Fig. 6A, C), and NGF (4-fold increase in
immuno�uorescence: 2429872 ± 375280 vs. 626967 ± 101856 integrated density/mm2; P = 0.0002 and
in western blot analysis: 4337935 ± 103543 vs. 2645874 ± 129171 normalized integrated density; P =
0.0005) (Fig. 6A, D, E and G) expression in healed wounds from 4-AP treated mice compared to saline
treated mice (Fig. 6). In all cases, 4-AP increased these neuronally active molecules to levels found in
uninjured skin.

4-AP promotes neo-angiogenesis in granulation tissue. Neo-angiogenesis is necessary to provide
nutrients and oxygen to healing wounds. To assess whether 4-AP treatment enhanced wound neo-
vascularization, we performed immuno�uorescence staining for the endothelial speci�c marker, CD314.

We observed larger and more abundant blood-vessel networks in dermal tissue from 4-AP treated mice
than saline treated mice (Supplementary Fig. S1E). Although the number of blood vessels in 4-AP-treated
mice was still less than in uninjured tissue, vessels in the newly healed tissue were notably larger.
Quanti�cation of CD31 intensity revealed statistically signi�cant increases in blood vessels with 4-AP
treatment compared to saline treatment (Supplementary Fig. S1F).
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4-AP effectively stimulates proliferation and migration in primary cultures of human skin derived primary
cells in-vitro. We next found that effects of 4-AP on keratinocytes, �broblasts and SCs in-vitro were similar
to outcomes observed in-vivo, suggesting 4AP may have direct effects on these cell types. In these
experiments, we cultured primary, normal human epidermal keratinocytes (NHEKs)51,52, �broblasts51 and
dermal SCs53 in the presence or absence of 4-AP.

We �rst con�rmed the purity and identity of each cell type with immunohistochemistry for characteristic
markers (Supplementary Fig. S2A-C). There was a modest decrease in MTT staining at higher 4-AP
concentrations, but no obvious decrease in cell health up to 2 mM concentrations of 4-AP used in
previous work on cells in-vitro24(Supplementary Fig. S2D-F). Automated wound scratch assays were
performed19,54,55 on con�uent monolayers of keratinocytes, �broblasts, and SCs, with and without 1 mM
4-AP24,30,56, a standard 4-AP dose used in studies in-vitro. 4-AP exposure accelerated scratch closure and
keratinocyte migration (Fig. 7A and B; Supplementary Movie 1 and 2) within 3 hours, with complete
scratch closure occurring at 18 hours. In contrast, control cultures not exposed to 4-AP closed at 32 hours
(Fig. 7A and B).

SOX10 and NGF expression in 4-AP treated keratinocytes were both increased (Fig. 7C-F). Expression of
K14 and K17, which are associated with basal, proliferating keratinocytes, were also increased
(Supplementary Fig. S3). These data suggest that 4-AP promotes a more proliferative phenotype in
keratinocytes, as is necessary for accelerated scratch closure.

In contrast with the effects on keratinocytes, �broblast migration was unaffected by 4-AP (Supplementary
Fig. S4A and B). 4-AP did, however, induce a conversion of �broblasts to myo�broblasts with increased
vimentin and α-SMA protein expression (Supplementary Fig. S4C; and Supplementary Movie 3 and
Supplementary Movie 4).

In SCs, 4-AP accelerated scratch closure (80% by 11 hours with 4-AP treatment compared with 23 hours
without treatment) (Supplementary Fig. S5A-B and Supplementary Movie 5 and Supplementary Movie 6).
4-AP treatment also increased SOX10, p75-NTR and NGF expression compared to controls
(Supplementary Fig. S5C-E).

We next found that co-culturing cells accelerated scratch culture closure rates and that 4-AP exposure
further increased these effects. Given that keratinocytes, �broblasts and SCs cells all interact during
wound healing in-vivo, we conducted co-culture experiments with pairs of cell types55 with and without 4-
AP treatment to determine if 4-AP promotes cellular interactions. Keratinocytes co-cultured with SCs in a
ratio mimicking that of epidermal skin (10:1 ratios of keratinocytes:SCs) closed a scratch within 15 hours
with 4-AP treatment, which was signi�cantly faster than scratch closure without treatment, which took 20
hours. At 15 hours, the percentage of wound closure was at 98% in 4-AP treated cultures but only 80% in
non-treated scratch cultures (Fig. 8A and B; and Supplementary Movie 7 and Supplementary Movie 8).
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The ability of 4-AP to accelerate scratch closure in cultures of keratinocytes and SCs was not unique to
this cell combination. We also found 4-AP treatment led to faster scratch closure in keratinocytes co-
cultured with �broblasts (ratio, 10:1) (measured at 15 hours: 93% in 4-AP treated vs. 72% in non-treated)
(Fig. 8C and D; and Supplementary Movie 9 and Supplementary Movie 10).

Discussion
We found that 4-AP treatment promoted skin wound healing in a standard splinted skin wound model,
with multiple bene�cial effects including restoration of a normal-appearing skin architecture. In mice with
dorsal skin punch lesions, systemic 4-AP treatment caused more rapid wound closure, restoration of
normal epidermal thickness, increased vascularization, and increases in Ki67+ cells and K14+

keratinocytes. Hair follicle number also increased, as determined histologically and by analysis of K15
and K17 expression. Analysis of collagen deposition by Masson’s trichrome staining also revealed
restoration of normal collagen levels and tissue structure. Levels of vimentin (a marker of �broblasts)
and α-SMA (a marker of collagen-producing myo�broblasts) were increased, as were the numbers of α-
SMA+ cells. Levels of TGF-β, which promotes myo�broblast differentiation were also increased. Bene�ts
of 4-AP treatment were also seen for multiple aspects of the peripheral nervous system components of
skin. The number of neurons was increased in 4-AP treated mice, as determined by counting of NF-H+

axons, as were levels of the neuropeptide PGP 9.5. Treatment with 4-AP also caused increases in
numbers of S-100+ SCs, as well as increased expression of p75-NTR, SOX10 and NGF. Finally, 4-AP
treatment in-vitro accelerated scratch closure in keratinocytes and SCs, increased SOX10 and NGF
expression and accelerated scratch closure in co-cultures of SCs and keratinocytes, and in co-cultures of
keratinocytes and �broblasts.

Our results extend in a surprising new direction our earlier discoveries that 4-AP exhibits unexpected pro-
regenerative properties when used to treat acute traumatic injury in the peripheral nervous system20,27,28.
We previously found that treatment with 4-AP promotes durable functional recovery and remyelination in
crush injuries of sciatic nerves. These �ndings contrast with the more general use of daily 4-AP treatment
to transiently improve neuromuscular function in individuals with chronic multiple sclerosis, nystagmus,
spinal cord injury or myasthenia gravis, with bene�ts that disappear concurrently with 4-AP clearance
once treatment is ended57–59.

The ability to promote skin wound healing with 4-AP was surprising both because such healing in the
skin of mice is already very effective and because of the multiple cell types and signaling processes that
must change in a coordinated manner to promote such accelerated repair. We observed changes in
numbers and behavior of keratinocytes, �broblasts, Schwann cells, blood vessels, hair follicles and nerve
cells, all of which are critical in rebuilding the structure of normal skin2–4, 18,38. We also observed elevated
expression of multiple signaling molecules involved in the regulation of these different cell types. This
included increased levels of TGF-β (which induces myo�broblast differentiation, keratinocyte proliferation
and angiogenesis2,4, PGP9.5 (which induces pro-regenerative changes in Schwann cells60 and NGF
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(which promotes neuronal survival and also acts on keratinocytes7,11. It is possible that some of the
effects of 4-AP are mediated through such molecules as intermediaries, but how 4-AP causes increases in
all of these factors is unknown. In-vitro studies also demonstrated direct effects of 4-AP on keratinocytes,
SCs and �broblasts, including increases in SOX10, NGF and α-SMA expression and in co-cultures of
keratinocytes with SCs or �broblasts. Although in-vitro studies used concentrations of 4-AP much higher
than are achieved in vivo, this is generally the case for in vitro studies24,30,56,61. The reason such high 4-
AP concentrations are required in vitro is unknown, particularly as results of such studies have accurately
predicted the utility of much lower concentrations of 4-AP in clinical situations.

The effects of 4-AP were also surprising because the known effects of 4-AP differ markedly from
previous studies on the bene�ts of inhibiting ion channel function in skin wound healing. In particular,
several studies have reported that topical treatment of skin wounds with calcium-channel blockers can
promote recovery and potentially decrease scarring in patients31,32. These prior �ndings make the effects
of 4-AP somewhat surprising because it is thought that 4-AP treatment leads to increased calcium release
as an indirect effect of potassium channel inhibition and by direct activation of high voltage-activated
calcium channels31,62, and 4-AP is also used clinically to treat verapamil overdose63. It also has been
observed that skin wound healing can be enhanced by inhibition of the KCNH2 potassium channel33, but
this channel is not known to be a target of 4-AP. As previous studies did not examine the range of cell
types and cellular modulators that we studied, it is not possible to determine if these other interventions
were as effective as 4-AP. Nonetheless, it appears that ion-channel modulation merits further exploration
as a means of enhancing healing of skin wounds.

Regardless of the mechanism(s) by which 4-AP enhances repair of skin wounds, it is noteworthy that the
marked enhancement of healing with this compound was also seen in peripheral nerve lesions and in
rescue of skeletal muscle atrophy after nerve damage20,29. As most traumatic injuries also involve
damage to the skin, the ability of a single agent to promote repair in more than one tissue is particularly
promising for further development. As 4-AP is already approved for clinical use, and routinely prescribed
for individuals with multiple sclerosis, the opportunities to move these discoveries forward to clinical
studies seems very high.

Materials And Methods
Study design. The primary objective of this study was to investigate the possible therapeutic effect of 4-
AP in enhancing skin wound healing and tissue regeneration in C57BL/6 male mice. All of the animal
experimental procedures were performed in accordance with the Penn State College of Medicine
institutional guidelines for animal care established by Penn State University and complied with the “Guide
for the Care and Use of Laboratory Animals” NIH publication No. 86–23, revised in 2011. The protocol
was also approved by Penn State College of Medicine Institutional Animal Care and Use Committee
(IACUC NO: PROTO202001314). Mice were age-matched and randomized before treatment into different
groups. Data were generated by microscopic analysis of immunohistochemistry, immuno�uorescence on
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�xed skin sections, and immunoblotting of tissue and cell lysates. Sample sizes for each experiment are
included in the �gure legends.

Wound healing assay. Male C57BL/6 (10 week) mice were purchased from the Jackson Laboratory (Bar
Harbor, ME USA). The shaved dorsal skin was folded and raised cranially and caudally at midline to
generate two 5-mm wounds using a sterile biopsy punch tool2,4,34. A 5-mm-diameter silicone ring was
then placed and sutured around each wound to restrict contraction. After wound creation and suturing of
the silicone ring, wound sites were photographed, and the wound surface was covered with a Tegaderm
(3M) sterile transparent dressing. After surgery, mice were administered SR Buprenorphine (0.05 mg/kg)
as post-operative analgesia. The mice were randomized into two groups: a control group (vehicle control),
which received 100 μl of saline, and a 4-AP group. Mice were treated with 40 μg/mouse/daily 4-AP (1.6
mg/kg) in 90-110 µl of saline intraperitoneally (IP)24,29 until day 14 post-wounding. This is a dosage that
corresponds with ~40% of the mouse body surface area equivalent64 of the dosage of 20 mg/day used in
treating multiple sclerosis35,36 and are less than doses that have been examined in patients with chronic
spinal cord injury. Gross wound healing was monitored daily and captured by images taken from day 0 to
day 14 (days 0, 3, 5, 7, 9, 12 and 14) post-surgery (Fig 1A). Wound areas were measured in pixels using
ImageJ-1.53e 

software (National Institutes of Health, USA) and normalized/corrected for each wound area with
reference scales and wound healing expressed as percentage with respect to day 0 wounds2,4,34, using
the following formula:

Histomorphometry analysis. Wound assessments were conducted at 14 days post-wounding using
formalin-�xed para�n-embedded tissue, serially cut into 5-μm sections on a Microtome (Leica RM2235,
Germany). Skin sections were processed for morphometric analysis using hematoxylin and eosin (H&E)
and immuno�uorescence staining2,4,34. To evaluate the epidermal thickness, and WIHN, four �elds of
view per sample were imaged by light microscopy (Olympus BX53, Olympus, Tokyo, Japan) at 10 and
40x magni�cation. Data were averaged for each mouse and then compared between 4-AP and saline
treated groups. Collagen formation, maturation and deposition was carried out using Masson’s trichrome
stain4,38 as per manufacturer instructions (Sigma-Aldrich, # HT15-1KT).

Human primary cell culture experiments. Foreskin collection and preparation human foreskin was rinsed
gently with 1X-PBS containing antibiotic. The hypodermis and blood vessels were removed.
Subsequently, the skin was cut into 1-2 mm pieces and then placed in DMEM medium with dispase-I
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(Sigma-Aldrich, # D46693) at 4oC for 12-18 hours. After dispase-I treatment, the epidermis was separated
from the dermis52,53.

Keratinocyte isolation, culture conditions and characterization - The isolated epidermis was placed in a
petri dish containing HBSS buffer (Lonza, # CC-5022) for 10 minutes at room temperature, then treated
with trypsin (Lonza, # CC-5012) at 37oC until the epidermis became loose and the medium cloudy due to
keratinocyte release. The cloudy medium was collected and trypsin activity neutralized using fetal bovine
serum (FBS, ThermoFisher Scienti�c # 10082147)) in 1:1 ratio. The epidermis and suspended
keratinocytes were centrifuged at 1500 rpm for 5 minutes. The pellet was resuspended in KGM-GOLD
keratinocyte medium (Lonza KGM gold and supplements, # 00192151 and 00192152)51,52. The isolated
foreskin was cultured at 37oC in a 5% CO2 incubator for 1-2 days to allow keratinocytes to adhere.
Adherent keratinocytes were maintained in KGM-Gold medium until cells reached about 80% con�uent.

Dermal Schwann cell isolation, culture conditions and characterization: The separated dermis was
minced into small pieces and placed in a petri dish containing collagenase (Gibco, # 17018-029) in
DMEM basal medium at 37oC for 2.5 hours. The dermis was then dissociated cells were collected and
centrifuged at 1500 rpm for 5 minutes. The pellet was resuspended in complete DMEM medium, and cells
were plated on poly-L-lysine coated dished at 37oC in a 5% CO2 incubator overnight. The next day,
adherent cells were treated with 10 µM cytosine arabinoside containing DMEM complete medium and
incubated at 37oC in 5% CO2 incubator for 24 hours. After this treatment, the cells were cultured in

Schwann cell culture medium (ScienCell Research, #1701)53 until cells reached ~95% con�uency.

Dermal �broblast isolation, culture conditions and characterization: The separated dermis was minced
into small pieces and placed in a petri dish containing collagenase containing DMEM basal medium at
37oC for 2.5 hours. The dermis was dissociated the released cells were collected and centrifuged at 1500
rpm for 5 minutes. The pellet was resuspended in complete �broblast medium (ScienCell Research, #
2331), and grown on tissue culture dishes 37oC in 5% CO2 incubator overnight51. The next day, adherent

cells were refed with complete �broblast medium, and grown at 37oC in 5% CO2 incubator until cells
reached ~95% con�uency.

 Cell viability assay with 4-aminopyridine. The keratinocytes, Schwann cells and �broblasts were cultured
in 96-well plates for 18 hours. Cells were placed in minimal media (no serum or growth factors) for 4
hours prior to 4-AP treatment. Cells were treated with 4-AP (at concentrations ranging from 1 to 10000
µM) in appropriate cell culture medium for 24 

hours20,24,30,56. The cell viability following 4-AP treatment was assayed by MTT assay according to
manufacturer’s protocols (Roche, cell proliferation kit I (MTT), # 11465007001). The percentage of live
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keratinocytes, Schwann cells or �broblasts was determined using the following formula. 

Cells scratch wound healing migration assay. Keratinocytes, Schwann cells and/or �broblasts (7×104

cells/well keratinocytes and 3.5×104 cells/well of SCs and FBs), in their respective media, were seeded on
tissue culture dishes pre-coated either with collagen-I/PLL on 96-well ImageLock microplates for 6 hours
(Incucyte-sartorius plate, # 4379). For drug treatment, cells were pretreated with 4-AP for 16-18 hours prior
to perform the wound scratch assay. Next, wound scratches were created using the IncuCyte automated
system (Essen BioScience)19,54,55. After scratching, the cells were washed with PBS and the respective
cell media was added with or without 1 mM of 4-AP24,30,56. The plate was incubated in the IncuCyte™
automated imaging system, and wound healing and cell migration was monitored by time-lapse
photography capturing images every hour from 0 to 42 hours. The relative area of wound size and cell
migration at each time point was analyzed using the IncuCyte™ Scratch Wound Cell Migration Software
Module (Essen BioScience) and the percent of wound healing was calculated from the area measured
after scratching relative to the basal area as expressed in pixels.

Immuno�uorescence staining of cells. Indirect immuno�uorescence analysis was used to identify,
characterize and analyze proliferation after 4-AP treatment. For each cell type (keratinocytes, Schwann
cells or �broblasts) treated and untreated cultures were processed in the same experimental session. An
equal number of passage 1 cells were seeded on chamber slides. The cells were grown in their respective
complete medium in the presence or absence of 4-AP for 72 hours. Cells then were �xed with 4%
paraformaldehyde followed by 0.1% tritonX-100 and stained with primary antibodies used against,
cytokeratin-14, keratin-10, keratin-17, S100, p75-NTR, MPZ, vimentin or α-SMA, in 5% BSA-containing
PBS51-53. After washing, cells were incubated with respective secondary antibodies and washed with PBS
after incubation. After DAPI labeling, the chamber glass slides were mounted using Prolong Gold anti-
fade mounting medium and then covered with glass coverslips.

Co-culture of keratinocytes with Schwann cells or �broblast in wound scratch assays. To determine the
in�uence of Schwann cells and �broblasts on keratinocyte migration and proliferation wound healing
scratch assays were conducted55. The co-culture experiment was performed with keratinocytes combined
with either Schwann cells or �broblasts in a ratio of 10:1. The same propositions of their respective
media were added and cells were seeded on 96-well ImageLock microplates for 6 hours, in wells pre-
coated with collagen-I. For the drug treatment, cells were pretreated with 4-AP prior to plating on collagen-
coated for 16-18 hours. Next, wound scratches were created and cells were grown with or without 4-AP in
the medium. Cells were imaged every hour until 24 hours and analyzed for percent of closure as
described above.

Immunohistochemistry and immuno�uorescence staining of tissue. Brie�y, immunohistochemical and
immuno�uorescence analysis were performed on 5-µm thick wound healing mouse skin sections. The
following primary antibodies were used: mouse Cytokeratin14 antibody (# ab7800; IF-1:100), rat CD31
antibody (# 553370; IF-1:100), mouse S100 antibody (# MA5-12969; IF-1:200), rabbit nerve growth factor
receptor - p75-NTR antibody (# AB1554; IF and WB-1:500), Chicken neuro�lament Heavy-NFH antibody (#
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NB300-217; IF-1:500), mouse alpha-smooth muscle actin –α-SMA antibody (# 14-9760-82; IF-1:200),
mouse TGFß antibody (# 27969; IF-1:100), rabbit Ki67 antibody (# 9129S; IF-1:400), chicken keratin 15
antibody (# 833901; IF-1:500), rabbit K17 antibody (gift from Pierre Coulombe to AMN; IF- 1:1000), rabbit
interleukin-1 beta antibody (# GTX74034; IF-1:100), rat F4/80 antibody (# MCA497GA; IF-1:100), mouse
anti-SOX10 antibody (# sc-365692; IF-1:100 and WB-1:200), chicken anti-myelin basic protein antibody (#
MBP; IF- 1:1000), rabbit vimentin antibody (# 10366-1-AP; IF-1:200), rabbit NGF antibody (# MA5-32067;
IF-1:100 and WB -1:1000), mouse PGP 9.5 antibody (# PA5-29012; IF-1:200), chicken anti-P-zero myelin
protein antibody (# PZO; IF-1:200), and rat substance P antibody (# NB100-65219; IF-1:100). Sections
were incubated overnight with 5% BSA in 0.1% PBS-T for IF stain and/or 5% skimmed milk in 0.1% TBS-T
for Western blot at 4oC , then incubated with secondary antibodies for 1 hour at room temperature. The
ProLong™ Gold Anti-fade Mountant with DAPI (Invitrogen, # P36935) was used as nuclear counterstain.
The immuno�uorescence stained sections were imaged using ZEISS Axio Observer 7- Axiocam 506 mono
– Apotome.2 microscope. The image analysis and quanti�cation was carried out using ZEN 2.6 pro
(Zeiss) imaging software or ImageJ-1.53e software (National Institutes of Health, USA). 

Protein isolation and western blot. For protein isolation the harvested skin tissue was �ash frozen
immediately. The frozen skin tissue was ground to a �ne power using a liquid nitrogen mortar. The
harvested cells and /or tissue powder was dissolved in RIPA buffer containing Halt™ Phosphatase
(Thermo Scienti�c, # 78420) and Protease Inhibitor Cocktail (Roche complete tablets mini EASYpack, #
04694124001). Tissue and cell debris was removed by centrifugation at 14000 rpm for 30 minutes at
4oC. The supernatants were collected and the total protein concentration was determined by BCA protein
assays (Thermo Scienti�c™ Pierce™, # 23225). The proteins (20-30 μg) of the tissue protein samples were
subjected to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (Bio-Rad mini-PROTEAN
TGX Gels, # 4561044) and transferred to polyvinylidene �uoride (PVDF) membranes. After the
membranes were blocked with 5% non-fat milk in 1X TBS-T for 1 hour, they were incubated with the
appropriate primary antibodies (dilution ranging from 1:200 to 1:1000) at 4°C overnight, then incubated
with HRP-conjugated secondary antibodies (dilution,1:3000) for 1 hour. Immunoreactivity was then
detected using chemiluminescent substrate (Thermo Scienti�c™ SuperSignal™ West Pico PLUS, # 34577).
The intensities of the bands were quanti�ed using Gel-imaging software (Bio-Rad Laboratories Inc.,
Image Lab 6.1). The quanti�ed band intensities were normalized using GAPDH and expressed either as
normalized intensity or as ratios with respect to saline treated mice.

Statistical analysis. Statistical analysis was performed and graphs created using Prism 9 software
(GraphPad Software Inc., San Diego, CA) and all data presented as means ± SEM. For wound healing
multiple time-point comparison studies, Sidak's test, and two-way analysis of variance (ANOVA) was used
for analyses. Unpaired t-tests were performed to compare between groups, and one-way analysis of
variance (ANOVA) was used for analyses. Sample sizes are indicated in the �gure legends. P < 0.05 was
considered statistically signi�cant for all reported analyses.
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Figures

Figure 1

4-Aminopyridine (4-AP) expedites wound closure and enhances skin regeneration. (A) Schematic
illustration of the design of animal experiments to test the bene�cial therapeutic effect of 4-AP in
C57BL/6 mouse wound splinted model. (B) Representative images of the wound healing in control (saline
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treated) and 4-AP treated mice at 0, 3, 5, 7, 9, 12 and 14 days after wounding. Scale bar, 1 mm. (C)
Percent wound area at each time point relative to the initial wound area in control and 4-AP treated mice.
Data showed a signi�cant increase in wound closure from day 3(PWD3) in 4-AP treated compare to
control mice. Graph represents mean ± SEM, N = 10 wounds/group and *P = 0.01 to 0.05, **P = 0.01 to
0.001, ***P < 0.0002, and ****P < 0.0001, two-way ANOVA Sidak's multiple comparisons test. (D)
Representative images of H&E stained sections of normal control skin and full-thickness excisional
wound of saline-control and 4-AP treated skin tissue at day 14 (PWD14). Scale bars = 400 µm. (E)
Quanti�cation of epidermal thickness in H&E stained sections by ImageJ software; measurements
revealed thicker epidermis in 4-AP treated compared to saline-control tissue wounds and 4-AP treated
mice epidermis was slightly thicker than that of healthy control uninjured skin. (F) Quanti�cation of the
number of de novo hair follicles within healed wounds showed that the mean number of hair follicles was
increased in 4-AP treated groups compared to saline-control wound tissues and 4-AP treated mice wound
tissue had slightly less number of hair follicles than that of healthy control uninjured skin. Mean ± SEM, N
= 5 animals skin tissue/group, *P = 0.01 to 0.05, ** P = 0.01 to 0.001, ***P < 0.0002, and ****P < 0.0001,
unpaired t-test.
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Figure 2

4-AP increases keratinocyte number and epithelial stem-cell markers in healing wounds. (A) Keratin 14
protein expression in healed epidermis by immuno�uorescence analysis. 4-AP treated mice exhibited
more intense K14 (green) stain in epidermis and de novo hair follicles compared to control wound mice,
nuclear stain DAPI (blue). (B and C) Percent of K14+ cells and K14 protein integrated density in saline-
control and 4-AP treated skin wounds at day 14. Scale bars = 50 μm. Mean ± SEM; N = 4 animals tissue
wounds/group, *P = 0.01 to 0.05, **P = 0.01 to 0.001, ***P < 0.0002, and ****P < 0.0001, unpaired t-test.
(D) Representative keratin 17 immuno�uorescence images of control and 4-AP treated skin wounds. (E
and F) Percent of K17+ cells and K17 protein integrated density in control and 4-AP treated skin wounds
at day 14; K17 expressing cells were signi�cantly more abundant in the 4-AP treated group than that in
the control group. Scale bars = 50 μm, mean ± SEM; N = 6 animals tissue wounds/group, *P = 0.01 to
0.05, **P = 0.01 to 0.001, ***P < 0.0002, and ****P < 0.0001, unpaired t-test. (G) Epithelial hair follicle
stem cells measured by immunostaining of K15, 4-AP treated mice showed higher intense K15 (green)
stain compared to control wound mice, nuclear stain DAPI (blue). (H and I) Percent of K15+ cells and K15
protein integrated density in control and 4-AP treated skin wounds at day 14. Scale bars =100 μm. Mean
± SEM; N = 4 animals tissue wounds/group, *P = 0.01 to 0.05, **P = 0.01 to 0.001, ***P < 0.0002, and
****P < 0.0001, unpaired t-test.
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Figure 3

4-AP treatment increases �broblast and myo�broblast numbers and levels of transforming growth factor-
β. (A) Representative Masson’s trichrome stained images of healing control skin and full-thickness
excisional wound of saline-control and 4-AP treated skin tissue at day 14 (PWD14). Scale bars = 200 μm.
(B) Collagen density quanti�ed as average blue pixel density per area in wound healing tissue harvested
on day 14 (PWD 14). The collagen staining intensity in the 4-AP treated group was signi�cantly higher
than that of control. Intensity mean ± SEM, N = 5/6 animals skin tissue/group, *P = 0.01 to 0.05, **P =
0.01 to 0.001, ***P < 0.0002, and ****P < 0.0001, unpaired t-test. (C) Co-immuno�uorescence staining of
vimentin (green), α-SMA (red) and nuclear stain (DAPI-blue) in control and 4-AP treated skin wound
sections at day 14. Scale bars = 50 μm. (D and E) Quanti�cation of vimentin and α-SMA protein staining
intensity (integrated density), 4-AP treated group showed higher intensity for both stains compared to
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saline control group. Mean ± SEM, N = 6 animals wound tissue/group, *P = 0.01 to 0.05, ** P = 0.01 to
0.001, ***P < 0.0002, and ****P < 0.0001, unpaired t-test. (F and G) Immuno�uorescence of transforming
growth factor-β (TGF-β) in wound tissue at PWD14. 4-AP treatment increased TGF-β expression (green, as
detected by immunostaining, nuclei stained with DAPI (blue)). Scale bars = 50 μm and TGF-β protein
quantitative integrated density analysis. Mean ± SEM; N = 5 animals wound tissue/group, *P = 0.01 to
0.05, **P = 0.01 to 0.001, ***P < 0.0002, and ****P < 0.0001, unpaired t-test.

Figure 4

4-AP promotes division reinnervation and enhanced PGP9.5 expression. (A) Representative co-
immunostaining for Ki-67+ cells and NF-H+ cells surrounding de novo hair follicles in the healed wound
at day 14. Scale bars =20 μm. (B and C) Ki67+ and NF-H+ cells were signi�cantly increased in 4-AP-
treated wounds. Ki67+ cells percent and NF-H expression counts was expressed in mean ± SEM; N = 4
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animal wound tissues/group, *P = 0.01 to 0.05, **P = 0.01 to 0.001, ***P < 0.0002, and ****P < 0.0001,
unpaired t-test. (D) Immuno�uorescence staining of healed wound sections for pan-neuronal marker PGP-
9.5 (red) and nuclear stain DAPI (blue). Scale bars = 20 μm. (E) Quanti�cation of PGP-9.5 protein
expressing cells with signi�cantly increased PGP-9.5 intensity in 4-AP treated group compared to saline
treated group at day 14. Mean ± SEM; N = 6 animal wound tissues/group, *P = 0.01 to 0.05, **P = 0.01 to
0.001, ***P < 0.0002, and ****P < 0.0001, unpaired t-test.

Figure 5

4-AP increases number of Schwann cells and expression of markers of an early SC differentiation state.
(A) Representative images of co-immunostaining of S100 (green) and p75-NTR (red) in wound sections.
Scale bars = 50 μm. (B and C) Quanti�cation of S100+ and p75-NTR+ expressing cells in healed wounds.
4-AP signi�cantly increased S100+ and p75+ cells compared to control. Mean ± SEM; N = 6 animal
wound tissues/group, *P = 0.01 to 0.05, **P = 0.01 to 0.001, ***P < 0.0002, and ****P < 0.0001, unpaired t-
test. (D) Representative western blot of p75-NTR and GAPDH. (E and F) Normalized integrated densities
and ratio of p75-NTR protein expression represented as mean ± SEM; N = 2 animals wound tissue/group,
*p < 0.05, unpaired t-test.
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Figure 6

4-AP enhanced expression of transcription factors, neurotrophic factors, and neuropeptides associated
with reinnervation. (A) Representative images of triple co-immunostaining of wound skin for the
transcription factor SOX10 (green), neuropeptide substance-P (SP - yellow), nerve growth factor (NGF -
red), and nuclear stain DAPI (blue). Scale bars = 50 μm. (B, C, and D) Quanti�cation of SOX10, substance-
P and NGF expressing cells in healed wounds. 4-AP signi�cantly increased intensities of SOX10,
substance-P and NGF expressing cells compared to control group on day 14. Data shown as percent
mean ± SEM; N = 6 animals wound tissue/group, *P = 0.01 to 0.05, **P = 0.01 to 0.001, ***P < 0.0002,
and ****P < 0.0001, unpaired t-test. (E) Representative western blot of SOX10, NGF and GAPDH. (F and G)
A representative western blot and normalized integrated densities for SOX10, NGF and GAPDH. Mean ±
SEM; N = 3 animals wound tissue/group, *P = 0.01 to 0.05, **P = 0.01 to 0.001, ***P < 0.0002, and ****P <
0.0001, unpaired t-test.
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Figure 7

4-AP accelerates in-vitro keratinocyte wound closure. (A) Representative images of in-vitro keratinocyte
scratch assays with 4-AP and vehicle control at indicated time points. The yellow lines indicate the
wound borders at the beginning of the assay and were recorded every hour until 42 hours. Scale bar =100
µm. (B) The relative percentage of wound closure was calculated as the ratio of the remaining wound gap
at the given time point compared to time 0. Mean ± SEM, N = 5 wound scratch replicates/group, and *P =
0.01 to 0.05, **P = 0.01 to 0.001, ***P < 0.0002, and ****P < 0.0001 one-way ANOVA Sidak's multiple
comparisons test. (C -F) A representative western blot and normalized integrated densities for SOX10,
NGF and GAPDH. Mean ± SEM; N = 3 cell culture replicates/group, *P = 0.01 to 0.05, **P = 0.01 to 0.001,
***P < 0.0002, and ****P < 0.0001, unpaired t-test.
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Figure 8

4-AP treatment enhanced accelerated wound closure in co-culture experiments. (A) Representative
images of in-vitro co-cultured keratinocytes and Schwann cells in scratch assays with 4-AP and vehicle
control at indicated time points. The yellow lines indicate the wound borders at the beginning of the
assay and were recorded every hour until 24 hours. Scale bar = 100 µm. (B) The relative percentage of
wound closure was calculated as the ratio of the remaining wound gap at the given time point. Mean ±
SEM, N = 5 wound scratch replicates/group, and *P = 0.01 to 0.05, **P = 0.01 to 0.001, ***P < 0.0002, and
****P < 0.0001 one-way ANOVA Sidak's multiple comparisons test. (C) Representative images in-vitro co-
cultured keratinocytes and �broblast scratch assay with 4-AP and vehicle control at indicated time points.
The yellow lines indicate the wound borders at the beginning of the assay and were recorded every hour
until 24 hours. Scale bar=100 µm. (D) The relative percentage of wound closure was calculated as the
ratio of the remaining wound gap at the given time point. Mean ± SEM, N = 5 wound scratch
replicates/group, and *P = 0.01 to 0.05, **P = 0.01 to 0.001, ***P < 0.0002, and ****P < 0.0001 one-way
ANOVA Sidak's multiple comparisons test.
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